INTRODUCTION
============

Eukaryotic cells use cytoskeletal filaments and associated proteins to optimize the positions of their organelles. Neurons are particularly dependent on long-distance transport to maintain such cytoplasmic ordering, because of their asymmetry, length, and polar organization. Much of the biosynthesis of new neuronal components occurs in the cell body near the nucleus. However, the cell body usually contains less than 1% of the total cell volume. With most of the remaining cytoplasm contained in an elongated axon, the demand for transport of new components away from the cell body (anterograde) and a reciprocal return of spent components (retrograde) is intense ([@B49]). Defining the machinery that drives transport and its regulation is an essential part of understanding how eukaryotic cells work. It is also a key part of understanding human neurodegenerative diseases such as hereditary spastic paraplegia, Charcot-Marie-Tooth disease, and amyotrophic lateral sclerosis that can be caused by defective transport ([@B17]; [@B7]).

The mechanism of long distance cytoplasmic movement relies on force generation by motor proteins that walk along microtubules. In axons, microtubules are oriented with their plus-ends distal toward the synaptic terminals ([@B22]; [@B51]; [@B28]). Plus-end directed kinesin motors drive anterograde transport, while minus-end directed cytoplasmic dynein motors drive retrograde transport. There are many types of plus-end directed kinesins. They have microtubule binding ATPase "motor" domains at the N-terminal that have different mechanochemical properties, in terms of speed and processivity of movement. Toward the C-terminal, anterograde kinesins have divergent "stalk-tail" domains that mediate linkage to cargoes, suggesting that different kinesins transport different sets of cytoplasmic components ([@B20]; [@B29]; [@B55]). Thus, identifying specific motor-cargo functional relationships is a central part of understanding how neurons and other eukaryotic cells create and maintain optimal distributions of their cytoplasmic components.

Models of axonal transport for individual types of organelles have largely focused on one anterograde kinesin type. However, some transport mechanisms can employ more than one kinesin type ([@B23]; [@B21]; [@B33]). For example, in *Drosophila* axons, there is evidence that kinesin-1 and kinesin-2 both influence the transport and distribution of acetylcholine (ACh) esterase vesicles ([@B33]). In HeLa cells; kinesin-1 appears to move lysosomes along perinuclear microtubules while kinesin-3 moves them along peripheral microtubules ([@B21]). In *Xenopus* oocytes, kinesin-1 and kinesin-2 can both bind VLE mRNPs and have overlapping functions in their cortical localization ([@B38]). In *Caenorhabditis elegans* sensory cilia, the highly processive movement of protein particles to the distal axoneme by intraflagellar transport is driven by the combined function of two different kinesin-2 motors at velocities intermediate between the intrinsic velocities of the two motors ([@B50]). These observations suggest that different anterograde transport mechanisms may accomplish specific cargo distributions and delivery dynamics by employing multiple kinesins that have distinct biophysical properties.

Neuropeptides, synthesized and packaged into large dense core vesicles (DCVs) DCVs in the neuronal cell body, are transported anterograde to the nerve terminal for release ([@B31]). Past work in *C. elegans*, *Drosophila*, and rat hippocampal neurons indicate that DCVs are carried anterograde by kinesin-3 ([@B57]; [@B42]; [@B2]; [@B35]). However, function disruptions of kinesin-3 do not completely inhibit anterograde DCV movement, and kinesin-1 has been implicated in distribution of the BDNF neuropeptide ([@B6]; [@B10]). To address the possibility that DCVs employ a multi-kinesin anterograde transport mechanism we studied kinesins-1 and -3 influences on and associations with DCVs loaded with a GFP-tagged neuropeptide in *Drosophila* nervous systems using genetics, fluorescence microscopy, and superresolution colocalization analysis. The results indicate that kinesins-1 and -3 each have strong direct influences on DCV movement and that individual DCVs simultaneously bind both motors, indicating a dual kinesin anterograde transport mechanism.

RESULTS
=======

Two kinesins are required for DCV transport
-------------------------------------------

To determine whether DCV transport in *Drosophila* is driven by multiple members of the kinesin family, we first used neuron-focused RNA interference (RNAi) in *Drosophila* larvae to test three axonal kinesins. Neuronal RNAi of Unc-104 (a kinesin-3) caused general paralysis and lethality during the first instar. This is consistent with the effects of zygotic *Unc-104* null mutations ([@B57]; [@B42]; [@B2]). Neuronal RNAi of Klp64D (a kinesin-2) caused no observable defects in behavior or development. Neuronal RNAi of Khc (classic kinesin-1) caused posterior paralysis followed by lethality in the third instar or pupal stages, similarly to the effects of strong zygotic *Khc* mutations ([@B48]; [@B5]). These results show that *Drosophila* larval neurons have cell-autonomous needs for both Unc-104 and Khc.

To test the possibility that Unc-104 and Khc have redundant roles in neurons, Khc was overexpressed in Unc-104 RNAi animals. Two different transgenic constructs that completely rescue homozygous *Khc* null mutants did not shift the early larval paralysis or lethality caused by Unc-104 knockdown in motor neurons. Furthermore, animals doubly heterozygous for null alleles of *Unc-104* and *Khc* showed no synthetic paralytic or lethal phenotypes. These results suggest that kinesin-1 and -3 functions in neurons are not redundant.

To determine whether kinesin-1 influences DCV transport, the distribution and movements of ANF::GFP, a neuropeptide fusion protein targeted to *Drosophila* DCVs ([@B45]), was studied in larvae that carried a well-characterized *Khc* partial loss-of-function point mutation, either *Khc^6^* (R741Q in Coil 2 of the stalk) or *Khc^17^* (S246F in Loop 11 of the motor domain), over a null (*Khc^27^*: Q65Stop in Helix 1 of the motor domain) ([@B5]). In the segmental nerves of fixed dissected mutants, ANF::GFP was concentrated in large focal accumulations ([Figure 1A](#F1){ref-type="fig"}), which are a common consequence of *Khc* mutations ([@B15]; [@B27]). ANF::GFP was greatly diminished at its normal location in synaptic terminal boutons ([Figure 1, B](#F1){ref-type="fig"} and B′). Thus the proper distribution of DCVs in neurons is dependent on kinesin-1.

![Kinesin-1 influences the distribution and flux of axonal DCVs. A Gal4-UAS controlled ANF::GFP that concentrates in DCVs was expressed in neurons of control and *Khc* mutant (*Khc^6^/Khc^27^)* larvae using the *P{GawB}D42* Gal4 driver. (A) Confocal images of fixed control and *Khc* mutant segmental nerves passing through segments A4--A5 showing distributions of ANF::GFP (green) and an antibody to CSP (red), which is a vesicle associated synaptic protein. In this and subsequent figures, the ventral ganglion (motor neuron cell bodies) is to the left. Note the shift from a finely punctate GFP signal in control nerves to large focal accumulations of signal in the mutant axons (scale bar = 12 μm). (B) Synaptic terminals on muscles 6 and 7 of control and *Khc* mutant larvae in segments A4--A5 (scale bar = 12 μm). (B′) Higher magnification of the boxed areas in B showing the DCV signal alone (scale bar = 3 μm). Note the scarcity of DCVs in the *Khc* mutant boutons. (C) Kymographs of ANF::GFP signal created from 100 s time-lapse image series (2 frames/s) of a control or a *Khc* mutant segmental nerve. Each kymograph shows DCV positions (*x*-axis, bar = 5 μm) as a function of time (*y*-axis, time = 0 s at top). Negative slopes, positive slopes, and vertical lines show anterograde, retrograde, and stationary DCVs, respectively. (D) Quantification of DCV flux (number of DCVs observed moving past a perpendicular line in a segmental nerve per minute). Bars show mean ± SE for *n* = 10 animals per genotype (one nerve per animal). Brackets show significant differences between *Khc* mutant and control values as determined by a Student's *t* test (\*\*\**p* ≤ 0.001).](3542fig1){#F1}

To observe the influences of Khc on general DCV motion, ANF::GFP was imaged in the axons of intact anesthetized larvae by time-lapse confocal microscopy. In live mutant nerves, DCVs were again seen in focal accumulations, and the number of DCVs undergoing long-distance movement in regions free of accumulations was greatly reduced ([Figure 1C](#F1){ref-type="fig"} and Supplemental Movie 1). In *Khc^6^/Khc^27^* axons, we observed a sixfold reduction in anterograde flux and a 14-fold reduction in retrograde flux ([Figure 1, C and D](#F1){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). *Khc^17^/Khc^27^* axons showed respective 2-fold and 6-fold reductions in flux. The changes in DCV distribution and the anterograde flux decreases are consistent with a role for kinesin-1 in anterograde DCV transport. The retrograde flux decreases likely reflect two things: that any DCVs carried by retrograde transport must first be delivered to distal regions by anterograde transport and that anterograde and retrograde microtubule motor functions are interdependent in many transport processes ([@B4]; [@B37]; [@B34]; [@B44]; [@B2]; [@B54]; [@B12]).

###### 

Effects of *Khc* mutations on DCV transport in axons.

                                                                                                 Duty cycle         
  ------------------- ---------- -------------------- -------------------- --------------------- ------------------ ------------------
  Anterograde                                                                                                       
  Control             10 (95)    35.7 ± 4.6           19.1 ± 4.7           0.96 ± 0.10           94.0 ± 3.5         5.0 ± 3.2
  *Khc^6^/Khc^27^*    10 (174)   5.9 ± 1.3^\*\*\*^    6.2 ± 2.1^\*\*\*^    0.67 ± 0.09^\*\*\*^   85.0 ± 5.7^\*\*^   15.0 ± 5.4^\*\*^
  *Khc^17/^Khc^27^*   10 (182)   16.5 ± 2.0^\*\*\*^   10.4 ± 3.7^\*\*\*^   0.80 ± 0.11^\*\*\*^   86.0 ± 5.1^\*\*^   14.0 ± 5.1^\*\*^
  Retrograde                                                                                                        
  Control             10 (161)   10.1 ± 2.5           -8.0 ± 2.3           -0.97 ± 0.10          87.0 ± 3.8         11 ± 3.2
  *Khc^6^/Khc^27^*    10 (50)    0.7 ± 0.2^\*\*\*^    -5.5 ± 1.5           -0.85 ± 0.11          80.0 ± 8.9         18 ± 7.9
  *Khc^17/^Khc^27^*   10 (94)    1.6 ± 0.6^\*\*\*^    -9.7 ± 3.7           -1.00 ± 0.11          80.0 ± 7.3^\*^     15 ± 5.4

ANF::GFP loaded DCVs in segmental nerve axons of live larvae were individually tracked and behaviors were quantified. All values represent mean ±SE. Comparisons of mutant to control flux values were done using a Student's t-test. Linear contrast was used for all other comparisons. P-values are indicated by asterisks (\* \<0.05, \*\* ≤0.01, \*\*\* ≤0.001). The genotype of Khc mutant animals was *Khc^6^* or*^17^/Khc^27^; P\[GawB\]D42*, *P\[w^+mC^ UAS-ANFGFP\]3*/+. The control genotype was *P\[GawB\]D42*, *P\[w^+mC^ UAS-ANFGFP\]3*/+.

Anterograde DCV transport is not influenced by axonal mitochondria distribution
-------------------------------------------------------------------------------

Kinesin-1 is an anterograde motor for axonal mitochondria ([@B49]; [@B36]). *Khc* mutations stop most mitochondrial movement and thus may compromise local aerobic ATP-production and other mitochondrial functions in axons ([@B44]). Since the established DCV motor, Unc-104, uses ATP hydrolysis to drive transport, the negative effects of *Khc* mutations on DCVs might be indirect through depression of axonal ATP levels. To test this possibility, we studied DCV transport in axons depleted of mitochondria by neuronal RNAi of Milton, a specific Khc-mitochondria linker protein ([@B52]; [@B16]). Milton RNAi in motor neurons severely reduced the number of mitochondria present in segmental nerve axons ([Figure 2A](#F2){ref-type="fig"}), consistent with phenotypes caused by zygotic *Milton* mutations ([@B16]). Mitochondrial-GFP signal was intense in the ventral ganglion, where motor neuron cell bodies are located. Close to the ventral ganglion and in axons traversing the anterior larval segments (A3--A4), some mitochondria could be seen, but they were largely stationary ([Figure 2B](#F2){ref-type="fig"} and Supplemental Movie 2). In more distal portions of axons (beyond A4) no mitochondria were detected.

![Axonal mitochondria depletion by Milton knockdown does not alter anterograde DCV transport. Expression of a Milton shRNAi transgene was induced in motor neurons of animals along with either mito-GFP or ANF::GFP, using the OK^371^-GAL4 driver. (A) Confocal images of fixed segmental nerves in control and Milton RNAi (Milt) larvae showing mitochondrial-GFP with enhanced sensitivity using anti-GFP (green) and anti-CSP (red) (scale bar = 20 μm). Note that, even with the anti-GFP enhancement, axonal mitochondria were not observed in distal axon regions (A5--A8) of Milton RNAi larvae. (B) Kymographs of time-lapse image series in more proximal segments (A2--A3) where more mitochondria were present show that Milton RNAi inhibited most mitochondria transport in motor axons (*x*-axis bar = 5 μm; *y*-axis *t* = 0 s at top and 100 s at bottom; 1 frame/s). (C, D) Confocal images of ANF::GFP loaded DCVs in motor axons of live larvae. (C) Single frames showing large swellings that contain DCVs in Milton RNAi motor axons (scale bar = 5 μm). (D) Kymographs of ANF::GFP in swelling-free portions of distal motor axons (A5--A6) show that Milton knockdown had little effect on DCV motion (*x*-axis bar = 5 μm; *y*-axis *t* = 0 s at top and 100 s at bottom; two frames/s). (E) Quantification of ANF::GFP DCV flux in control (*n* = 6) and Milton RNAi (*n* = 8) larvae (1 nerve per animal) in segments A5--A6. Bars show mean ± SE. Retrograde DCV flux was somewhat reduced, but anterograde flux was not affected (\**p* ≤ 0.05).](3542fig2){#F2}

To study the influence of this depletion on DCV transport, ANF::GFP was coexpressed in motor neurons with Milton inhibitory RNA. Surprisingly, live animals had focal accumulations of DCVs along their segmental nerves ([Figure 2C](#F2){ref-type="fig"}), especially in distal regions. This was unexpected, because in tests that have focused on GFP-mitochondria distribution in *Milton* mutants ([Figure 2A](#F2){ref-type="fig"}; [@B58]; [@B42]), focal accumulations of mitochondria were not evident. The DCV focal accumulations indicate that acute Milton inhibition indeed causes axonal swellings in which transported organelles can accumulate. However, in regions without swellings, anterograde DCV transport appeared normal, even in distal segments that completely lacked axonal mitochondria ([Figure 2, D and E](#F2){ref-type="fig"}, and Supplemental Movie 3). This suggests that DCV transport inhibition caused by *Khc* mutations is due neither to the depletion of axonal mitochondria nor to steric blockade of DCV passage by axonal swellings.

Association of both kinesins with individual DCVs
-------------------------------------------------

If kinesin-1 is a motor for DCVs, then it must associate with them. As an initial test, we looked for motor-DCV cofractionation through differential and sucrose gradient sedimentation of homogenates generated from flies expressing ANF::GFP in neurons. Western blots showed that Khc was elevated in fractions that contained ANF::GFP, as was Unc-104. Cytochrome C staining showed that the Khc in those fractions was not due to the presence of mitochondria. However, Rab 11 staining suggested that organelles other than DCVs were also present in those fractions (Supplemental Figure S1).

To test more directly for motor association with DCVs, we used fluorescence microscopy to study cells cultured from ventral ganglia of larvae that expressed ANF::GFP in motor neurons. Time-lapse imaging of live cells showed that most DCV transport, even in neurites, was short range and saltatory, but some did make long movements (Supplemental Figure S2). The simple optical path provided by the cultured neurons allowed high-resolution immunolocalization of motors and DCVs by superresolution microscopy. Stacks of optical sections were used to generate three-dimensional (3D) reconstructions of ANF::GFP, anti-Khc, and anti-Unc-104 distributions ([Figure 3](#F3){ref-type="fig"}). For analysis of motor--DCV association, object-based colocalization was used ([@B63]). A spacing threshold between of 180 nm was selected for defining colocalization of motor and DCV centroids, based on initial testing and the sizes of DCVs, motors, and IgG ([@B64]; [@B59]; [@B60]). Detailed analysis of all DCV signals in six cells from three independent experiments showed colocalization of anti-Khc and anti-Unc-104 with 26.9 ± 2.3% and 29.2 ± 2.8%, respectively, of ANF::GFP punctae. Simultaneous colocalization of both motors was seen with 15.2 ± 1.8% of ANF::GFP punctae. This is ∼twofold greater than the simple 8.3% predicted by chance (Chitest, *p* value \< 0.001) ([Figure 3C](#F3){ref-type="fig"}).

![Unc104 and kinesin-1 colocalize with DCVs in neurons. Primary neurons were cultured from larvae that expressed ANF::GFP in motor neurons (OK^371^ driver). (A) A maximum projection of a 3D SIM superresolution Z-series of a motor neuron with ANF::GFP/DCVs (green) stained with anti-Unc104 for kinesin-3 (blue) and anti-Khc for kinesin-1(red). The neuron had neurites (n) growing out of the cell body (CB). The nucleus (nc) was identified by DAPI staining (not shown). (B) An expanded view of the box marked in A. Arrowheads (1--3) point to DCVs whose centroids are within 180 nm of anti-Khc and anti-Unc-104 centroids. Scale bars in A and B = 2 μm. (B1--B3) Line scans across the three marked DCVs and motor punctae show fluorescence intensities as a function of position. (C) The mean percentage (±SE) of DCV punctae that were within 180 nm of anti-Unc104, anti-Khc, or both as measured in three dimensions from Z-stacks of entire cells (*n* = 6 cells from three different experiments). Note that the fraction of DCVs that colocalize with both motors (15.2%) is nearly twofold greater than predicted by chance (8.3%). (D) To assess differences between observed and chance colocalization over a range of threshold distances, Khc and Unc104 locations were randomly and uniformly distributed across a volume region of interest (ROIs) within each of the six cells. This was repeated 100 times for each ROI. A mean colocalization (±SE) of real DCV punctae with the random motor punctae was then determined for each iteration at a variety of distance thresholds for each of the six ROIs (random). Colocalization of DCVs with real motor signals in the same ROIs was determined over the same range of threshold distances (observed). At 400 nm and less, the observed vs. random values were significantly different (Chitest, *p* value ≤ 0.001) (E) Plot showing the mean (±SE) of the fold differences between observed and random colocalization across the six ROI analyzed for D as a function of threshold distance.](3542fig3){#F3}

To test motor--DCV colocalization more rigorously, we compared the observed colocalizations to expected colocalizations if Khc and Unc-104 were not associated with DCVs but were localized randomly. We simulated random locations for Khc or Unc-104 punctae in one region of interest (ROI) per cell body. Expected random colocalizations between the random motor locations and the positions of real DCV punctae was then calculated with threshold distances ranging from 100 to 700 nm. The derived expected random colocalization frequencies were significantly less than the observed colocalization frequencies in the same ROI at threshold distances of less than 400 nm ([Figure 3D](#F3){ref-type="fig"}). The fold difference (observed/random) ranged from sevenfold at 140 nm to twofold at 300 nm ([Figure 3E](#F3){ref-type="fig"}). This indicates that dual kinesin colocalization with DCVs in cultured motor neurons is nonrandom, suggesting a mechanism of DCV transport that can employ both kinesins on the same organelle.

Kinesin-1 and -3 contributions to axonal DCV motion
---------------------------------------------------

To look for influences of the two kinesins on DCV transport, we quantified DCV run behaviors in motor axons of live larvae by single organelle tracking. If kinesin-1 and -3 function separately, either on different sets of DCVs or in distinct runs when together on a single vesicle, then the intrinsic velocity differences determined for Khc and Unc-104 in vitro (0.5--0.8 and 2 and 3 μm/s, respectively) might be reflected in distinct sets of DCV run velocities ([@B32]; [@B53]; [@B50]). No evidence of this was found ([Figure 4A](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Anterograde run velocities were broadly distributed but fell into a single mode with a mean of 1 μm/s, intermediate between the in vitro velocities.

![Kinesin-1 influences on DCV runs. Mobile DCVs were individually tracked, and their run behaviors were quantified in control and *Khc* mutant larval axons. The mutant data displayed were collected from *Khc^6^/Khc^27^* animals. (A) Frequency distributions for run velocities (bin size = 0.1 μm/s). Arrows indicate means for each distribution. Note the single mode distribution of anterograde run velocities and the shift toward slower velocities in Khc mutants (right panel). (B) Frequency distributions for run lengths (bin size = 1 μm). Arrows indicate means for each distribution. Note the shift toward shorter anterograde run lengths in *Khc* mutants (right panel). \*\*\**p* \< 0.001.](3542fig4){#F4}

To test the possibility that the single run velocity mode simply reflects a wide overlap of in vivo velocities for the two motors, the influences of *Khc* mutations were analyzed. If kinesins-1 and -3 make independent contributions, then reduced Khc function should skew the distribution toward higher kinesin-3 run velocities. However, anterograde DCV-run velocity actually decreased significantly in *Khc* mutant axons ([Figure 4A](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), arguing against a simple mixture of independent single-motor runs.

One of the striking features of anterograde DCV transport was run length. In wild-type axons, pauses were rare, so DCVs often traversed the entire field of view in a single run ([Figure 1C](#F1){ref-type="fig"}). Simply using the first and/or last positions at which organelles were visible at the edge of the field of view as endpoints, the average length of all observed anterograde runs was 19.1 ± 1.5 μm. To estimate an actual run length that avoids clipping by the field of view, the total of all DCV anterograde run lengths (1869 μm) was divided by the total number of pauses observed (61). This predicts an average run length of 83 μm. *Khc^6^/Khc^27^* mutants showed a threefold decrease in DCV run length relative to the 19 μm measured mean ([Figure 4B](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}) and a 13-fold decrease relative to the 83 μm estimated mean. Our past work in the same system showed that *unc-104* mutations cause anterograde run parameter decreases of a similar magnitude ([@B2]). Overall, the effects of the *Khc* and *unc-104* mutations indicate that both kinesins make important positive contributions to anterograde DCV run velocity and length.

Comparison of the effects of *Khc* and *unc-104* mutations on retrograde DCVs showed interesting contrasts. Retrograde run velocities and lengths are reduced substantially by *unc-104* mutations ([@B2]) but were not significantly affected by *Khc* mutations ([Figure 4](#F4){ref-type="fig"} and [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}). This lack of an observable influence of Khc on retrograde runs provides two important insights. First, axonal swellings and pleiotropic physiological changes caused by Khc mutations do not cause steric hindrance or other nonspecific defects in DCV transport along microtubules. Second, Unc-104 has an important functional relationship with the retrograde DCV transport machinery.

###### 

Comparison of DCV transport parameters in kinesin-1 and kinesin-3 mutants.

                     Kinesin-1   Kinesin-3
  ------------------ ----------- -----------
  Anterograde DCVs               
  Flux               31%         27%
  Run length         43%         50%
  Run velocity       77%         53%
  Retrograde DCVs                
  Flux               11%         57%
  Run length         95%         46%
  Run velocity       95%         67%

DCV flux, run length, and run velocity expressed as a percentage of control values. Averages are shown of values from tw different allelic combinations for kinesin-1 (*Khc^6^/Khc^27^* and *Khc^17^/Khc^27^*) (presented here) and for kinesin-3 (*unc-104^O1.2^/ unc-104^P350^* and *unc-104^O3.1^/ unc-104^P350^*) ([@B2]).

To investigate the general assumption that cytoplasmic dynein is the primary retrograde motor for all axonal organelles, we conducted a full analysis of the effects of *Dhc64C* mutations on DCV behavior in live animals (Supplemental Table 1 and Supplemental Figure S3). They caused substantial and significant reductions in retrograde DCV flux, run length, and run velocity, suggesting that indeed cytoplasmic dynein is the retrograde DCV motor. Anterograde runs were compromised somewhat less, consistent with prior observations on anterograde-retrograde transport interdependence ([@B4]; [@B37]; [@B34]; [@B44]; [@B2]; [@B54]; [@B12]). Taken together, our analyses of axonal DCV motion indicate that kinesin-1 and kinesin-3 make equivalent important contributions to the anterograde transport mechanism and that kinesin-3 makes positive contributions to the dynein-dependent retrograde transport mechanism.

Different influences of kinesin-1 and -3 along a peptidergic neuron transport path
----------------------------------------------------------------------------------

Based on evidence that zygotic *unc-104* mutant embryos retain small transport vesicles in neuronal cell bodies and have few vesicles in axons, along with evidence that other kinesins could contribute to anterograde vesicle transport, it has been suggested that kinesin-3 carries small vesicles from cell bodies into axons where other kinesins drive long-distance transport toward synaptic terminals ([@B42]; [@B18]). To investigate this possibility for large DCVs, we analyzed the effects of cell-­specific RNAi knockdown of Khc or Unc-104 on the distribution of ANF::GFP in and near the cell bodies of peptidergic neurons using the CCAP-Gal4 driver ([@B13]; [@B43]) ([Figure 5](#F5){ref-type="fig"}). The locations of those neurons deep within the ventral ganglion did not allow high-quality live imaging, so an immunostaining approach was used on dissected larval neuromuscular preparations. In controls, punctate ANF::GFP signals were abundant in CCAP cell bodies ([Figure 5, B and E](#F5){ref-type="fig"}, arrows) and were well dispersed along their neurites ([Figure 5H](#F5){ref-type="fig"}, arrowheads). CCAP cell bodies project their primary neurites toward the midline of the ventral ganglion where they arborize ([Figure 5H](#F5){ref-type="fig"}, asterisk). ANF::GFP signal was detected there at the midline and in the longitudinal tracts that are composed of bundles of dendrites and axons ([Figure 5H](#F5){ref-type="fig"}, "LT"). In CCAP motor axons that project away from the ventral ganglion in segmental nerves, signal was distributed in a fairly even punctate pattern ([Figure 5K](#F5){ref-type="fig"}).

![Kinesin-1 and kinesin-3 have different effects on DCV distribution in neurons. CCAP GAL4, which is expressed in four neurons per segment in A1--A4 of the ventral ganglion, was used to coexpress ANF::GFP (green) with either Khc RNAi or Unc-104 RNAi. Anti-elav was used to stain all neurons (red). (A) Diagram illustrating that the primary neurites of the two CCAP neurons (arrows) in each hemisegment extend toward the midline (dashed line) where they arborize (\*). The axon of the motor neuron (white circle, black line) then proceeds across the contralateral longitudinal tract (LT) and leaves the ganglion in a segmental nerve, eventually synapsing with body wall muscles 12 and 13 ([@B24]; [@B56]). The neurite of the interneuron (black circle, gray line) projects to the contralateral tract and then bifurcates to project in both directions along it (LT) ([@B47]; [@B56]; [@B30]). (B--D) Large-depth-of-field maximum projections of confocal Z-stacks of ANF::GFP DCVs (green) in CCAP neurons and of anti-Elav (red) in ventral ganglia of fixed larvae. The images in each column were collected with identical confocal and camera settings, so the differences in fluorescence intensities for different genotypes can be compared directly. Examples of CCAP neuron cell bodies are marked by arrows in B. The blue and yellow boxes mark areas with expanded views in E--G and H--J, respectively. Scale bar = 50 μm. (E--G) Expanded view of the blue boxes from B to D showing CCAP cell bodies (arrows). Scale bar = 10 μm. (E) Note the fairly even distribution of ANF-GFP punctae in the control cell body. (F) Unc-104 RNAi caused overaccumulation of ANF-GFP signal in cell bodies. This is seen in the cell body on the right, which was entirely within the Z-stack. The cell body on the left, which was only partially in the Z-stack, shows that the bright signal reflects crowding of punctae. DCVs in Unc-104 RNAi neurites were rare. (G) Khc RNAi caused some clumped accumulation of ANF-GFP in cell bodies. (H--J) Images of the central regions of the ventral ganglia (yellow boxes in B--D) giving views of neurites and longitudinal tracts. Insets show expanded views of the neurite commissures. Primary neurites (white arrowheads) project in commissures toward the midline (dashed line) where they arborize. Note that Unc-104 RNAi (I) greatly reduced DCV signal in neurites (inset), at the midline arborization zone, and in longitudinal tracts (LT). In contrast, Khc RNAi (J) showed strong DCV signal in longitudinal tracks and commissures, while causing excessive DCV signal in the arborization zone. Scale bar = 10 μm. (K--M) Images of DCVs in CCAP axons within segmental nerves as they leave the ventral ganglia. Note that DCVs are rarely seen in Unc-104 RNAi axons (L). They are present in the Khc RNAi axon (M) but are clustered and often appear in focal accumulations (\*\*). Scale bars = 10 μm. These images are representative of five larvae analyzed for each genotype.](3542fig5){#F5}

DCV distributions in CCAP neurons subjected to Khc and Unc-104 RNAi showed interesting differences. Unc-104 knockdown resulted in intense DCV accumulation in cell bodies ([Figure 5F](#F5){ref-type="fig"}), reduced levels in primary neurites ([Figure 5I](#F5){ref-type="fig"}, inset), and almost eliminated DCVs more distally: including at midline arbors, in longitudinal tracts, and in motor axons ([Figure 5, I and L](#F5){ref-type="fig"}). In comparison, Khc knockdown caused a less-intense accumulation of DCVs in cell bodies ([Figure 5G](#F5){ref-type="fig"}), allowed a relatively normal DCV distribution in primary neurites ([Figure 5J](#F5){ref-type="fig"}, inset), and caused a strong overaccumulation of DCVs at the midline zone of arborization ([Figure 5J](#F5){ref-type="fig"}, asterisk). In motor axons, DCV signal was abundant, but much of it was in clusters or large focal accumulations ([Figure 5M](#F5){ref-type="fig"}). These results suggest that kinesin-3 is particularly important for DCV exit from the cell body, that kinesin-1 is particularly important for normal transport along axons, and that kinesin-1 has some special role in preventing DCV accumulation in the midline arborization zone.

DISCUSSION
==========

Defining transport mechanisms that are used to establish and maintain proper distributions of subcellular components is of great importance for understanding how cells work and for understanding the pathologies of transport related human diseases. The discovery of cytoskeletal motor protein superfamilies, particularly the kinesin superfamily, revealed a great potential for diversity of transport mechanisms and brought into focus the importance of research into the specifics of how different subcellular components are moved ([@B19]). Subsequent work has shown that cargo-specific mechanisms are indeed diverse. Excellent advances have been made for some cargoes, but major gaps remain for many ([@B36]). The studies presented here address the question of which microtubule motors move DCVs that carry a specific neuropeptide. Our results show that proper DCV transport and distribution in neurons requires two different anterograde motors, classic Khc-driven kinesin-1 and an Unc-104-driven kinesin-3.

Our previous model for DCV transport in *Drosophila* neurons centered on force generation by Unc-104 ([@B42]; [@B2]), so the requirement for Khc identified in our initial tests raised questions about whether its role is direct. Our subsequent results are consistent with both Khc and Unc-104 serving directly as anterograde DCV motors. First, neuron-specific knockdown of Khc or Unc-104 caused cell-autonomous defects in DCV transport and distribution, so pleiotropic effects from Unc-104 malfunction in the whole animal are unlikely to be an issue. Second, we tested for indirect effects on DCV transport that might be due to disrupted Khc-driven transport of neuronal mitochondria. Neuron-specific knockdown of the Khc-mitochondria attachment factor Milton did not cause defects in anterograde DCV transport in distal axons, despite an absence of mitochondria. The robust DCV transport is especially interesting in light of the fact that Milton knockdown caused the sort of focal accumulations of fast transport materials that occur in axonal swellings in *Khc* mutants ([@B15]; [@B27]), suggesting that DCV transport/distribution problems in *Khc* mutants are not due to "traffic jam" type steric hindrance. Third, the frequency of Khc and Unc-104 colocalization with DCVs, when quantified by superresolution microscopy, ranged from sevenfold greater than random within a tight radius (140 nm) to twofold greater than random within a loose radius (400 nm) and random at greater threshold distances. This suggests that individual DCVs can simultaneously bind both kinesins. Finally, single organelle tracking analysis showed that *Khc* mutations cause significant and substantial reductions in anterograde DCV run parameters; effects equivalent to those caused by *Unc-104* mutations. Taken together, these results indicate that Khc is a motor for DCVs and that the importance of its contribution to the anterograde DCV transport mechanism is equivalent to that of Unc-104.

Why are two types of anterograde microtubule motors needed for DCV transport in neurons? One possibility derives from the fact that microtubules acquire posttranslational modifications over time and that kinesin-1 and kinesin-3 have preferences for different types of microtubules ([@B61]; [@B62]; [@B21]). Our differential effects in CCAP neurons of Khc and Unc-104 knockdowns on DCV distributions, with greater Unc-104 influences near the cell body and greater Khc influences in axons, could reflect different distributions of modified microtubules along the transport path. However, if differential microtubule modification distributions contribute to the DCV transport mechanism, the population of microtubules in axons must be mixed, because both motors have strong influences on anterograde DCV runs in axons.

Another possibility for a dual kinesin mechanism is that the physical challenges for proper DCV transport and distribution in axons require the combined output of both motors. In our system, axonal mitochondria move anterograde in short runs (avg. = 1.86 μm) at 0.26 μm/s, and maintain a fairly even distribution of mitochondria all along the axon, presumably to serve local metabolic and signaling needs ([@B49]). Those anterograde runs appear to be driven solely by Khc with no significant contributions from Unc-104 ([@B44]; [@B2]). Axonal DCVs move anterograde in extremely long runs (avg. = 83 μm) at 0.96 μm/s to concentrate at the terminal. Thus DCV runs in larval axons are 3-fold faster and a remarkable 45-fold longer than those of mitochondria. Perhaps a dual kinesin mechanism for DCVs facilitates exceptionally processive and fast anterograde runs. Kinesin-3 is a fast motor when dimerized, but its ability to form dimers is weak and individual monomers are not processive ([@B39]; [@B32]; [@B53]; [@B40]). Kinesin-1, although slower, is strongly dimerized and can be quite processive ([@B25]; [@B3]). It may be that tenacious kinesin-1 interactions with microtubules, while contributing drag that reduces DCV velocity, help keep kinesin-3 dimerized, fully active, and engaged with the microtubule.

MATERIALS AND METHODS
=====================

*Drosophila* strains
--------------------

*Drosophila* were cultured with 12hr light--dark cycles at 22--25°C, using standard protocols (<http://flystocks.bio.indiana.edu/Fly_Work/media-recipes/bloomfood.htm>). Except where noted otherwise, all fly strains were obtained from the Bloomington Stock Center (<http://flystocks.bio.indiana.edu/>). The transgenes *P{w^+mC^ UAS-GFPmito}AP.3*, which targets GFP to the mitochondria matrix ([@B44]), or *P\[w^+mC^ UAS-ANFGFP\]3*, which targets GFP to DCV lumens ([@B45]), were expressed in neurons using a *P\[GawB\]D42* Gal4 "driver" or were expressed more specifically in motor neurons using *P\[GawB\]VGlut^OK371^*. For biochemical fractionation, *P\[w^+mC^ UAS-ANFGFP\]3* was expressed using *P\[tubP-GAL4\]LL7*.

Kinesin-1 mutants were constructed by crossing hypomorphic missense alleles (*Khc^6^, or Khc^17^*) over a null (*Khc^27^*) ([@B5]). For RNAi inhibitions, fly strains carrying Gal4-UAS controlled transgenes capable of expressing hairpin RNAs specific for Khc (*P{TRiP.GL00330}attP2*), for Klp64D (*P{TRiP.HMS02193}attP40*), for Unc-104 (*P{TRiP.HMC03512}attP40*), or for Milton (*P{TRiP.JF03022}attP2*) were obtained from the Transgenic RNAi Project (TriP; Harvard University, <http://www.flyrnai.org/TRiP-HOME.html>). To enhance the efficacy of Milton knockdown, Dicer (*P{w\[+mC\] = UAS-Dcr-2.D}1*) was coexpressed with the Milton RNAi construct. For DCV distribution studies in CCAP neurons, coexpression of RNAi constructs and ANF::GFP was enhanced by placing two CCAP-GAL4 drivers (*P{CCAP-GAL4.P}16* and *P{CCAP-GAL4.P}9*) in each animal. Because RNAi transgenes were expressed in only a subset of neurons (motor neurons or CCAP neurons) we were unable to measure the extent of gene knockdown with real time PCR (RT--PCR). However, all the RNAi lines used had phenotypes similar to well-characterized, published zygotic mutants. To test for rescue of lethality caused by Unc-104 RNAi in motor neurons driven by *P{GawB}VGlut^OK371^*, two different Khc overexpression constructs were used. One is a genomic transgene that includes the native *Khc* locus and *cis*-regulatory elements ([@B48]). The other is a transgene with a ubiquitin promoter driving overexpression of a myc-tagged *Khc* cDNA (*P{w^+^,wumk9}*) created in Larry Goldstein's lab ([@B8]).

Fractionation of *Drosophila* cytoplasm and Western blotting
------------------------------------------------------------

To fractionate DCVs, 2 g of adult flies with ANF::GFP expression driven by the *P{tubP-GAL4}LL7* driver were homogenized on ice using a mortar and pestle in 10 ml of homogenization buffer (250 mM sucrose, 100 mM K-acetate, 40 mM KCl, 20 mM HEPES, 10 mM Tris, 5 mM EGTA \[ethylene glycol-bis(β-aminoethyl ether)-*N*,*N*,*N*',*N*'-tetraacetic acid\], 5 mM MgCl~2~, 1 mM MgATP, 1 complete mini-EDTA free protease inhibitor tablet \[Roche Diagnostics, Indianapolis, IN\], pH 7.4). Despite the ubiquitous expression pattern of *P{tubP-GAL4}LL7* ([@B41]), GFP was detected only in the nervous system, suggesting that the ANF::GFP mRNA or protein is unstable in nonneuronal cells. To remove fly debris, homogenate was filtered through a nitex mesh (pore size = 140 μm) and then clarified by centrifugation twice at 1300 × *g* for 5 min. Most mitochondria were then eliminated by centrifugation for 10 min at 5000 × *g.* Postmitochondrial supernatants from two preparations were pooled and DCVs were pelleted by centrifugation at 100,000 × *g* for 20 min. The pellet was resuspended in 1 ml homogenization buffer, overlaid on a 20--60% sucrose gradient prepared on The Gradient Station (Biocomp Instruments), and centrifuged at 134,000 × *g* for 90 min in a swinging bucket rotor.

Fractions collected from the top of the gradient were analyzed by SDS--PAGE and Western blotting. After blocking in Tris-buffered saline (TBS)/Tween20 with 3% nonfat milk, blots were incubated with primary antibodies diluted in blocking solution: rabbit anti-Imac/Unc-104, 1:1000 ([@B42]), rabbit anti-*Drosophila* Khc, 1:1000 (Cytoskeleton), mouse anti-GFP, 1:1000 (Clonetech), anti-rab11, 1:1000 ([@B9]), and mouse anti-cytochrome *c*, 1:100 (Neomarkers). Blots were washed in blocking solution and incubated with secondary antibodies: horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000) and HRP-conjugated goat anti-mouse IgG (1:10,000) (Jackson ImmunoResearch Laboratories) diluted in blocking solution. Secondary antibodies were detected using chemiluminescence (GE Healthcare).

*Drosophila* primary neuron culture
-----------------------------------

Primary neuron culture from *Drosophila* larval brains was adapted from [@B11]. Third instar *Drosophila* larval brains expressing ANF::GFP via the motor neuron GAL4 driver OK371 were dissected in Schneider's medium (Lonza BioWhittaker) supplemented with 20% fetal bovine serum (Life Technologies), 5 µg/ml bovine insulin, and 1× antibiotic-antimycotic solution (Sigma-­Aldrich). Dissected brains were incubated in 0.5 mg/ml collagenase solution at room temperature for 1 h, followed by three washes in supplemented Schneider's medium. To make cell suspensions for culture, digested brain tissue was pipetted up and down before plating on concanavalin A (0.5 mg/ml)-treated glass cover slips. Additional supplemented Schneider's medium was added to cover the surface of the culture wells, and cells were incubated at 25°C. Culture medium was replaced every 24 h.

Immunofluorescence
------------------

Wandering third instar larvae were dissected, fixed, and stained as described previously ([@B26]) with the following modifications. Dissection was in standard phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (PFA) for 15 min, then rinsed with three changes of 0.1% Triton X-100 in PBS (PBST), and incubated for 30 min in blocking solution (5% normal goat serum in PBST). The primary antibodies used were chicken anti-GFP (1:1000; Aves Labs), mouse anti-cysteine string protein (CSP) (1:500), and rat anti-ELAV (1:500; Developmental Studies Hybridoma Bank, University of Iowa). Goat anti-chicken Alexa Fluor 488 and anti-rat Alexa Fluor 594 secondaries were used at 1:1000 (Invitrogen, Carlsbad, CA). Stained larvae were mounted on slides in Fluoromount-G mounting medium (Affymetrix eBioscience). Imaging was done with a spinning disk confocal fluorescence microscope (Nikon/Perkin Elmer/Improvision Ultraview) equipped with a Hamamatsu C9100-50 EM charge-coupled device camera. Control and mutant preparations were fixed, stained, and imaged using identical procedures.

For staining of primary cultured neurons, culture medium was removed and cells were rinsed three times in 1× PBS. Cells were fixed in 4% PFA for 5 min followed by three rinses in PBST (0.1% Tween in PBS) and then blocked in 5% normal goat serum (NGS) at room temperature for 1 h. Because the antibodies against Unc104 and Khc were both generated in rabbits, anti-KHC (Cytoskeleton) was directly labeled with CF568 (Mix-N-Stain CF568 antibody labeling kit; Biotium) and cells were stained with the two antibodies sequentially. First, cells were incubated for 2 h with rabbit anti-unc104 (1:500) ([@B42]), rinsed, incubated with Alexa Fluor 647 anti-rabbit secondary antibody (1:1000; Invitrogen, Carlsbad, CA), along with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) to label cell nuclei (1:1000), and then rinsed extensively. Second, the cells were incubated with the CF546 conjugated anti-KHC. Washes between each antibody incubation were 10 min, 3× in PBST. Stained cells were mounted in VECTASHIELD Antifade Mounting Medium (Vector Laboratories), sealed with nail polish, and imaged on a DeltaVision OMX SR microscope (GE Healthcare).

Live imaging
------------

Time-lapse imaging of GFP-loaded organelles in axons was done with living third instar larvae 4--5 d after egg lay. A larva was placed in an imaging chamber modified from [@B14]), anesthetized by injecting 50 ul of chilled Desflurane (Baxter) into the chamber, and sealed. For each animal, segmental nerve 7 or 8, in segments A4--A5, was imaged through the ventral body wall with the spinning disk microscope using a 60× 1.4 Na objective (Nikon). Images of DCVs and mitochondria were collected at 2 frames/s and 1 frame/s, respectively, for at least 500 frames. After imaging, larvae were returned to normal culture medium. Data were analyzed only from larvae that survived the procedure and recovered crawling mobility. Although larvae can survive in the anesthesia chamber for hours, imaging was restricted to the initial 30 min to reduce the potential for transport variation from physiological stress.

Superresolution microscopy
--------------------------

Superresolution 3D structured illumination microscopy (SIM) images were acquired on a DeltaVision OMX SR (GE Healthcare) equipped with a 60× 1.42 NA PlanApo oil immersion lens (Olympus); 405-, 488-, 568-, and 640-nm solid state lasers; and sCMOS cameras (pco.edge). Image stacks with 0.125-µm-thick z-sections, and 15 images per optical slice (three angles and five phases) were acquired using immersion oil with a refractive index 1.516. Images were reconstructed using Wiener filter settings of 0.003 and optical transfer functions (OTFs) measured specifically for each channel with SoftWoRx 6.5.2 (GE Healthcare) to obtain superresolution images with a twofold increase in resolution both axially and laterally. Images from different color channels were registered using parameters generated from a gold grid registration slide (GE Healthcare) and SoftWoRx 6.5.2 (GE Healthcare).

Superresolution image analysis
------------------------------

Colocalization of anti-Khc, anti-Unc-104(Imac), and ANF::GFP-loaded DCVs was measured using the spot detection extension in Imaris Bitplane software (version 8). Full-width half-maximal intensity was used to estimate DCV diameter as 180 nm and kinesin-1 and kinesin-3 diameter as 150 nm. Using these values, spots were generated from the reconstructed 3D SIM images. The spots-to-spots colocalization function was then used to identify all kinesin-1 or kinesin-3 generated spots within a specified threshold distance of the DCV spots. Colocalization of kinesin-1 or kinesin-3 or both motors with DCVs was expressed as a percentage over all detected DCVs. The predicted probability of Khc and Unc-104 colocalization on a DCV was calculated by (Khc-DCV%) × (Unc-104-DCV%).

To analyze random colocalization frequencies, a single region of interest away from the nucleus was selected from each of six different cells (three different experiments). Within each ROI, first the number of distinct observed anti-Khc and anti-Unc-104 spots were counted. Then R was used to generate random distributions of the appropriate numbers of spots for each motor in each ROI. This was repeated 100 times for each ROI. The average percentages of the random spots that colocalized with DCVs in each ROI were then calculated over a range of threshold distances. Standard errors were calculated for average random colocalization percentages using a sample size at the level of number of ROIs (*n* = 6). The average observed real motor-DCV colocalization percentages were measured at the same threshold distances in the same ROIs, and SEs were calculated using *n* = 6 ROIs.

Flux, particle tracking, and statistics
---------------------------------------

To measure overall transport of ANF-GFP DCVs from time-lapse image series, a line was drawn perpendicular to one nerve and the number of particles passing that line in each direction was counted for 200 frames. The counts were divided by elapsed time to derive flux values (number of vesicles per minute). A Student's *t* test (unequal variance) was used to assess significant differences in flux between control and mutant genotypes. To quantify the amount of DCV flux in primary neuron cultures, the Difference Filter plug-in was used to measure the proportion of moving to static signal (minimum difference = 20, offset = 2) ([@B1]).

Single organelle DCV tracking was done using ImageJ 1.38x ([@B65]) with the Manual Tracker plug-in. Automated tracking was not effective due to the high density of DCVs in nerves. In pilot tests with data from tracking all organelles in many time-lapse series, we previously determined that a sample size of five particles in each direction from five animals (one nerve each) provides a robust statistical analysis that is not substantially changed by increased sample sizes ([@B44]; [@B2]). In the present study, five anterograde and five retrograde DCVs that moved and remained in the plane of focus across a substantial portion of the field of view were tracked per nerve in 7--10 animals per genotype. Position-time data were analyzed as described previously ([@B44]). A run is defined as a period of continuous motion of at least 1 pixel/frame in one direction for a minimum of three frames. While most DCVs in control animals move persistently toward either the terminal or the cell body, they do occasionally reverse their directions of movement for short distances. A run in the primary direction for a particular DCV is a forward run, that is, an anterograde DCV in the anterograde direction or a retrograde DCV in the retrograde direction. Because DCV reverse runs were rare and brief, our analyses focused on forward runs. Pauses were also infrequent, especially for anterograde DCVs in controls, so runs that could be defined by pauses or reversals at beginning and end were rare. More often, run lengths began and/or ended at the limits of the field of view. Because of this, our measured run lengths for controls in [Table 1](#T1){ref-type="table"} are underestimates. Individual run velocities were derived from run length divided by time. Duty cycle refers to the fraction of time a particle spent in runs or pauses over its total track. To determine whether a transport parameter was significantly different due to genotype and to avoid repeated measures, standard linear contrast analysis was used ([@B44]). Logarithmic transformation of input parameters was carried out to approximate a normal distribution as determined on a q-q plot. Linear contrast analyses were used for both transformed and untransformed data and the results were similar. Due to unequal sample sizes and variances between the groups, post hoc tests were carried out (Dunnett's T3 and Tamhane's T2). Parameters showing a genotype-by-larva contrast significance of \<0.05 were accepted as significantly different. Statistical analysis was carried out using SPSS Version 18.0 (SPSS, Chicago).
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